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ABSTRACT 
This thesis presents the results of an investigation of the 
influence of hazardous and toxic waste permeants, and heat upon the 
geotechnicai properties of soils. The scope of Uiis study primarily 
included a laboratory testing program conducted to investigate the 
effects of permeants at different temperatures upon the geotechnicai 
properties of soils including the Atterberg limits, grain size 
distribution, moisture content and, of primary importance, undrained 
shear  strength. 
1 . Permeability/Shear Strength testing equipment is modified 
to determine the effect of both, hazardous and toxic 
wastes, and temperature on shear strength of soil 
simultaneously. 
2. A relation is developed to determine heat transfer 
through  soil. 
3. A comparative study of change in snear strength against 
temperature at different pH and change in shear strength 
against  pH  at different  temperature is presented. 
The study demonstrated that, for saturated soil, moisture 
content increased with increase in temperature while shear strength 
decreased with increase in  temperature.   Shear   strength  of   soil   also 
1 
decreased with increase in the pH value or the pore rluid. For 
consolidated soil, the study showed that, for any particular 
moisture content, shear strength increased with increase in the 
ratio of bound water  to free water. 
<£ 
1 .   INTRODUCTION 
1.1   INTRODUCTION 
It has been reported by many investigators that heating can 
markedly alter the physicochemical behavior of clay mineral systems. 
The temperature of soil is different than room temperature and at 
some places where underground heat is generated due to certain 
exothermic reactions the temperature difference is noticeable. 
Underground chemical and nuclear dumps, underground tube Railwayes, 
underground tunnels are all sources or heat and this heat is 
absorbed in the nearby soil and travels through soil untill 
equilibrium in temperature is achieved. The underground water is 
not pure water but contaminated by different salts, toxic and 
hazardous waste materials. The disposal of hazardous and toxic 
wastes in the  ground has increased the  complexity  of  problem. 
Conventional tests in laboratories use standard water as pore 
fluid and the tests are run at room temperature. This means in these 
tests effects of toxic and nazardous wastes and temperature on the 
properties of soil is not accounted for. This calls into question 
the long term reliability of the shear strength obtained from these 
tests. 
First, the measurement of soil properties, particularly shear 
strength,      requires     a      thorough      understanding      of      geotechnical 
engineering testing procedures and influence of test equipment and 
procedure     details     upon     the     test     results. It     requires     an 
understanding of the testing apparatus, the manifold ways of 
conducting the test, the influence of other geotechnical parameters 
upon the test results, and the natural variability to be expected 
due to  the  sample  preparation and the like. 
Secondly, an understanding of clay mineralogy as extensively 
investigated in the areas of Geology and Pedology is required. It is 
necessary to understand now clay particles are neld together and 
what are   the forces which  bond  them  together and how  they act. 
Thirdly, the interrelationship between the geotechnical 
property test result and the fundamental soil behavior must be 
studied with an understanding of ihe principles uf Chemistry. The 
influence of pore fluid upon chemistry of a given test result, which 
quantitatively measures the effect of a certain pore fluid on a 
certain clay property is essential to the actual understanding of 
the pore fluid-soil   interactions. 
Fourthly, it is necessary to understand how these reactions or 
interactions take place at different temperatures. It is essential 
to know what effect heat has on structure of clay and nature of pore 
fluid. 
1.2 OBJECTIVE 
It is the purpose of this thesis to examine combined influence 
of temperature and pore fluids upon the geotechnical properties of 
soil, particularly on shear strength of clay soils. The 
understanding of the influence of changes in temperature and pore 
fluid chemistry upon the fundamental engineering properties of soils 
is essential to the engineering design of underground structural 
systems and stability of various types of earth structures such as 
dams,  retaining walls,   irrigation  systems,   etc. 
Three interrelated problems are examined in this Thesis. 
First, how the heat propagates through soil and whether a relation 
can oe developed in terms of fundamental measurable properties of 
soil to determine quantity of heat transfered through any particular 
soil. Secondly, to develop an apparatus to determine shear strength 
of soil at different temperatures after permeating hazardous toxic 
wastes through the soil and to keep the temperature constant 
throughout the permeation and shear strength test. Thirdly to 
determine the combined effect of temperature and pore fluid on shear 
strength of clay  soil. 
2.   LITERATURE REVIEW 
Presented in this chapter is a detailed review of selected 
literature, where specific studies involving propagation of heat 
through soil and effect of temperature on engineering properties of 
soil, clay behavior interacting with different pore fluids were 
undertaken. The literature show that studies conducted so far in 
this field were concerned with effect of temperature and pore fluids 
on properties of soil separately. As the purpose of this thesis is 
to examine propagation of heat through soil, effect of pore fluid on 
soil properties, method of neating soil samples and effect of 
temperature on soil properties, the literature review is made in the 
same  sequential  manner. 
2.1   MECHANISM OF SOIL-HEAT   INTERACTION 
Soil is a neterogeneous substance. In homogeneous substance the 
primary factor for thermal conductivity is that of a single crystal. 
However, in neterogeneous substances the crystals are oriented in 
random  directions. 
Birch and Clerk, (1940) used the concept that heat flows 
through piles in the aggregate; no heat was supposed to flow across 
the side walls of the piles. The piles were considered to be one 
crystal thick and to contain the constituents in the same proportion 
in which   they   occur   in the whole mass,   in random  distribution and in 
orientation. When the thickness of the sample was too small with 
respect to the crystal size, the "series" treatment becomes 
inappropriate and a "parallel" consideration was employed. 
Although the heat flow is much more complicated than the 
previous two treatments suggested, the "series" concept was found to 
agree with experimental data within 5 percent, except where the 
crystal thickness was small with respect to the crystal size. In 
that  case   the  parallel   treatment  gave  correct values. 
Devries, (1952) expressed the thermal conductivity of a 
granular material as a function of the thermal conductivity and the 
volume fractions of its constituents by making use of the analogy 
between heat conductivity, dielectric constant, magnetic 
permeability and diffusion coefficient. Because of mathematical 
difficulties only  an approximate   solution  can  be  given. 
Kersten, (1919) developed empirical formulae lor calculation of 
the thermal conductivity of soil as a function of density and 
moisture  content,   (see  Appendix) 
2.2 EFFECT  OF PORE FLUIDS  ON   SOIL   PROPERTIES 
Mourn and Rosenquist, (1961) found that peraeation of illitic 
and montmorillonite clays with potassium chloride solutions resulted 
in increase of the undisturbed shear strength. This is consistent 
with Gouy-Chapman model because the replacement of sodium with 
potassium should increase the flocculation tendency of clay. 
Remolded anear strength of the illitic clay also increased DUt not 
that of  the montmorillonite. 
A series of laboratory leachate tests were conducted by 
Griffin, ei al. ( 1976) in order to evaluate the potential of various 
clay minerals for attenuating chemical constituents. The test 
utilized leachate from a caamtary landfill permeating kaolinite, 
illitic, and montraorillonitic clays in a matrix of quartz sand. The 
study found that chloride, sodium, and water-soluble organics were 
relatively unattenuated. Potassium, silicon, and iron were 
moderately attenuated. The heavy metals - lead, cadmium, mercury, 
and zinc - were strongly attenuated. Conversely, calcium, boron, and 
manganese were significantly higher in the affluent concentration 
than in the original leachate. Montmorillonite was more effective in 
attenuating the chemical constituents followed by illite and 
kaolinite. The trend is consistent with that predicted from the 
physical-chemical   standpoint  in relation to  clay  mineralogy. 
A   study was   undertaken  by Andrews,   ej, al.  (1967)  to  compare  the 
interaction of three clay minerals with three pore fluids. The pore 
fluids were water (H20), dimethyl sulfoxide (DMSO), and dimethyl 
formamide (DMF). The clay minerals used were kaolinite, attapulgite, 
and sodium montmorillonite  (see Appendix). 
2.3 METHOD OF HEATING SOIL SAMPLE 
In his experiment Laguros, .§_£ al, (1969) performed an 
unconfined compressive strength test in a closed lucite cylinder on 
remolded specimens compacted to maximum density at optimum moisture 
content using Harvard miniature compaction apparatus. The soil, 
water and equipment were maintained at the respective desired 
temperature, but compaction took place at room temperature. The 
specimens were stored in the chamber having the desired temperature 
for   two hours  prior   to being tested. 
Murayama, .et .al, (1969) carried the test in plastometer which 
consists of a triaxial compression testing unit and a recording and 
controlling unit. In the case of stress relaxation test, a constant 
deformation applied on the specimen could be read on the scale 
indicator of* the plastometer and its response in the axial stress 
was automatically and continuously recorded by the recording unit. 
In the cell of the testing unit, water of definite temperature but 
of no pressure was circulated to keep the specimen at constant 
temperature. After the temperature of specimen reached the 
equilibrium   state,   constant  axial   strain was instantaneously   applied 
on the  specimen under undrained condition,   then the axial  stress was 
recorded electronically with  time  by  the plastometer. 
Noble and Demirel, (1969) achieved temperature control by 
constant temperature water baths. The temperature of the sample was 
controlled Dy circulating the water through the shear ring which 
were designed to permit circulation inside each ring. Specimen 
temperature was measured by a copper-constant thermocouple and a 
potentiometer recorder which could be read with a precision of 0.2 
degrees. After circulation was achieved the temperature of the 
specimen  could be maintained to within 0.25 C. 
Plum and Esrig, (1969) achieved temperature cycling of Newfield 
clay remolded water content of 19 percent by surrounding the 
triaxial  cell with  a constant temperature water bath. 
Wohlbier and Henning, (1969) kept the kaolinite clay for 14 
days with an water content of 48 to 50 percent. After that, samples 
that were to a great extent homogeneous and de-aired were prepared 
by vacuum-extrusion press. The samples were dried for about 28 days 
and then were heated for 48 hours in an electric furnace with a 
temperature up to 600 C. The increase of temperature by which the 
samples were heated was 60 C/hour. The treated samples were kept for 
14 days in a desiccator, and after that the dry and water-saturated 
specimens were  tested with  regard to  their shear  strength. 
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In their experiment Sherif and Burrous, (1969) molded and 
trimmed the clay into test cylinders of 2.8 inch diameter and 6.5 
inch neighty then enclosed in a single layer of slit filter paper 
and two rubber membranes. The samples were placed in triaxial cells 
and consolidated for 7 days at room temperature, under hydrostatic 
stresses ranging from 20 to 28 psi. At the end of consolidation 
period, the samples were taken out of the triaxial cells and their 
diameter, height and moisture content were determined. The samples 
were then placed in neat controlled triaxial cells over a plastic 
covered pedestal to prevent any "communication" between the sample 
and the drainage outlets. Each cell was subsequently filled with 
glycerine, which was continuously circulated by propellers to insure 
a uniform temperature within the cell. Each cell was heated by a 
500-watt electric resistance heater element submerged in the cell 
fluid. The cell was maintained at the test temperature for at least 
8 hours prior to shear to insure a uniform temperature throughout 
the soil. Following the 8 hour neating period, the soil was loaded 
in unconfined compression in a stress controlled loader until 
failure. 
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2.4  EFFECT OF TEMPERATURE ON SOIL  PROPERTIES 
Yong, Chang and Warkentin, (1969) found that for all practical 
engineering purposes the effect of temperature on the state of soil 
is negligible. In agreement with the finding of earlier 
investigators, at a given soil water suction they observed uhat the 
amount of water retained decreases as the temperature increases, 
probably in the main because the air-water surface tension decreases 
as the temperature increases. In accordance with the earlier 
investigations and in agreement with the prediction of double xayer 
tl^'Oi-j,   .../eiling increased with   the increase  of  temperature. 
jL.ii oheir study, Globus and Mogilevsky, (1969) have contributed 
a coherent concept of the processes involved in the thermal transfer 
of liquid in porous materials. They propose that the net pressure 
difference developed in a liquid saturated porous substance 
subjected to a temperature gradient is brought by three flow 
components: a thermo-osmotic component in the direction of higher 
temperature, a thermo self-diffusion component in the direction or 
lower temperature, and a poiseuille flow component opposing the 
resultant of the other two. This explains how one may observe a 
pressure rise at the warm end of a flow column in the earley stages 
of   a thermo-osmosis experiment with  a reversal   at  some later  time. 
Hoekstra, (1969) nao emphasized in his paper the need for a 
better   understanding  of   i'rozen  soils.   As  the  artificial   freezing of 
12 
ground oecomes a more widespread engineering practice, the need for 
methods of generalizing experimental data pertaining to mechanical 
properties of frozen and uhawing soils and establishment of standard 
strength and deformation parameters becomes evident. The specific 
surface of soils appears in ohe context of this paper as a soil 
parameter of fundamental   importance. 
Campanella and Mitchell, (1969) have shown that volume and pore 
water pressure in saturated soils vary due to temperature changes. 
The result of the drained triaxial tests showed that significant 
permanent volume decrease may occur during initial temperature 
increase. The data also suggests that a temperature increase under 
drained condition at constant effective stress followed by cooling 
may have exactly the same effect as overconsolidation using a 
pressure increase followed by unloading. For undrained conditions, 
the data suggests that the most important factors controlling pore 
pressure changes appear to be the thermal expansion of the pore 
water, the compressibility of soil structure, and the initial 
effective stress. For less compressible soil material, the pore 
pressure change is considerably greater. Changes of this magnitude 
clearly indicate the need for temperature control in the laboratory 
if unambiguous results are to be obtained and also provide some 
indication of possible differences in properties between soil in 
situ and in  the laboratory where  temperature may  be  different. 
13 
In studying ■ the effect of temperature on consolidation 
characteristics, Plum and Esrig, (1969) found that the compression 
index varied both with temperature and pressure. The results 
obtained by them are in accordance with that obtained by Campanella 
and Mitchell. 
Results obtained by Sherif and Burrous, (1969) of temperature 
effect on kaolinite show that a given increase in temperature has an 
effect on compressive strength of soil analogous to a given increase 
in water content, independent of the value of initial water content. 
The results are in accordance with the most published data which 
suggest that for all other factors remaining constant, lower 
strengths are associated with nigher  temperatures. 
Results   obtained    by    Laguros,    (1969)    indicate   a    progressive 
increase   in   strength   as   temperature   is  increased   from  35     to   105 
F.   The  contradiction is  aue   to the fact  that  the  soil   specimens were 
compacted at  test  temperatures. 
The results obtained by Noble and Demirel, (1969) show that the 
higher the^ consolidation temperature the greater the shear strength 
at any given test temperature. But for a given consolidation 
temperature, the strength decreases in a regular manner with 
increasing test  temperature. 
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The literature reviewed above indicates that temperature and 
pore fluid characteristics have significant effect on geotechnical 
properties of clayey soils. These effects are undoubtedly rooted in 
effects on the colloidal and physical structure of the clay 
component or the soil. It can also be seen that the methods used 
for heating the soil either do not heat the soil sample during the 
test  or   confining pressure is not applied during the  test. 
The research described above was conducted for evaluating 
effects of xeachates and temperature separately independent of each 
other. However, the in situ situations may involve effect due to 
both   these  parameters acting jointly. 
The purpose of the experimental program described in the 
following sections is to elucidate and demonstrate experimental 
procedure which will allow to evaluate effects of leachates and 
temperature acting simultaneously and to develop a. quantitative 
model which can be used for accurate prediction of the realistic 
shear  strength  of  soil. 
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3. THEORETICAL CONSIDERATION 
3". 1 General 
It is the purpose of this chapter to summarize the current 
understanding of clay behavior in terms of colloidal clay chemistry 
and clay mineralogy. The hazardous and toxic wastes which are the 
potential source of pore fluids other than the water are examined 
from their basic chemistry standpoint. Further, the phenomenon of 
propagation of heat in soil is explained and a relation is developed 
for the total heat transfer through soil in terms of thermal 
conductivity of individual soil phases (solid, liquid, gas) and 
basic measurable properties of soil. The theoretical background will 
be  utilized in the analysis of test  data. 
3.2 CLAY MINERALOGY 
Researchers in the fields of geology and peaology have utilized 
the basic theoretical models for clay-sized particles. This 
theoretical  basis is summarized in  the Appendix of  this thesis. 
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4.   SOIL-PORE FLUID INTERACTION 
4.1   PORE FLUIDS 
In order to fully investigate the effect of pore fluids on clay 
structure, a background into the various classes of fluids to be 
considered must be developed. Considering the thrust of this paper 
towards the application aspects of soil behavior, the pore fluids 
will be divided following United States Environmental Protection 
Agency (EPA) guidelines for wastes found in industrial disposal 
facilities. The EPA divides these industrial wastes into four 
physical classes. These classes are aqueous inorganic, aqueous 
organic, organics and sludges. For the purpose of this thesis, only 
aqueous inorganic will  be  considered. 
4.1.1  NATURE OF WATER 
Water is considered a unique solvent in several ways. It has a 
strong dipole moment and a high dielectric constant. Hence, the 
study of clay behavior normally undertaken utilizes water as the 
pore fluid and is significantly influenced by these two properties 
of water. The effect of the dielectric constant has oeen previously 
discussed. Water, a polar molecule, as a whole is electrically 
neutral, but has covalent bonds with shared electrons that are 
unsymmetrically distributed. The negative pole is located at the 
oxygen atom, and the positive pole is located midway between the two 
hydrogen atoms. 
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Polar molecules uan De distinguished from nonpolar molecules uy 
studying their behavior in an electric field (Masterton, et. al. 
1969) • When polar molecules are placed in an electronic field, they 
tend to line up with their positive poles oriented towards the 
negative plate and their negative poles oriented towards positive 
plate. This tendency for the molecule to line up is quantified in 
its dipole moment. Nonpolar molecules, having no permanent centers 
of positive or negative charge, show little tendency to orient 
themselves in an electric field and are said to have a uipoie moment 
of zero. 
4.1.2 AQUEOUS  INORGANIC 
Simply stated, these fluids are those in which water is a 
solvent, and the solute is mostly inorganic. Examples of fluids 
classified as aqueous inorganic are brines, caustic sodas, inorganic 
acids and inorganic salts. 
18 
5.  MECHANISM OF SOIL-HEAT INTERACTION 
5.1  SOIL-HEAT  INTERACTION | 
It is well understood that mechanism of heat in soil is not 
simple, but very complicated and needs a lot of study and method of 
interpretations of general heat laws in soil. In heat transfer, as 
in other branches of engineering, the successful solution of a 
problem requires assumptions and idealizations. It is almost 
impossible to describe physical phenomena exactly, and in order to 
express a problem in the form of an equation that can oe solved, it 
is necessary to make some approximations. 
ASSUMPTIONS: 
1. The soil is a composite material and aolids, liquid and 
gases are  the  three  constituents.   These  constituents have 
2. These constituents have different co-efficient of thermal 
conductivity. Further, each of these constituents will 
have to be subdivided or grouped according to their 
individual thermal conductivity. For example, in solids, 
metals and nonmetals will have very different thermal 
conductivity. In liquid, normal water, acid water, 
alkaline water will have different coefficient of thermal 
conductivity.   In   gases,   oxygen,   nitrogen,   carbon  dioxide 
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will have different coefficient of conductivity. Also, 
the percentage composition of these main constituents and 
their subconstituents vary for each type of soil and for 
different locations of same soil. In short, there are 
many variables which nave an effect on uverall thermal 
conductivity of soil and in general on total heat 
transfer in soil. Hence, before proceeding 10 determine 
thermal conductivity of soil or total heat transfer 
through it, it is necessary to determine percentage 
representation of these main and sub-constituents for a 
given soil. Also it is necessary to make qualitative 
(Volumetric) analysis of the soil because heat transfer 
will depend on volume of each of  these  constituents. 
3. From colloidal theory of soils, it can be assumed that 
solid grains are not in direct contact with each other 
for all types of soils (saturated, partially saturated, 
and dry  soil). 
In saturated soil each solid particle is enveloped with 
water molecules. In partially saturated soil voids 
between solid grains is filled with either water or air 
molecules. In dry soil it is the air which fills the 
voids  between solid particles. 
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4. Also the voids uetween two solid particles is so small 
that it can be assumed that heat transfer by way of 
convection is very small compared uo conductance and can 
be safely neglected. If temperature difference between 
two surfaces is small, heat transfer by radiation will be 
negligible. Hence, the phenomena of heat transfer is by 
way  of conduction through all  the three phases of  soil. 
5. It can also be assumed that for a given porosity in any 
soil, the porosity is constant throughout all the layers 
of soil. For example, If "h" is the height of soil and 
"n" is the porosity for this soil, then "n" remains 
constant throughout the height of soil. Same assumption 
holds good for moisture content. 
5.2 DEVELOPMENT OF RELATIONSHIP 
Consider   a  cylinder   of   soil  with   diameter L  and neight n  (Fig. 
1)   The   porosity   of   uhe   soil    is   n   and   its  moisture   content   is   fl. 
The volume  of  soil is V and  the  dry weight  of  soil is W. 
Volume  of  soil 
V =  (W/4)»L2*h (5.1) 
Volume  of voids 
Vv=n«V  =  («/4)»L2*h«n (5.2) 
Volume  of solids 
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Vs=V-(*M)*L2*h*n (5.3) 
Weight or water =  moisture content  * weight  of  solids 
W^flfW (5.4) 
Volume  of water 
V^ftWY (5.5) 
where Y   is unit weight of water 
Volume  of gas = Volume  of voids - Volume  of water 
Vg=(*M)*L2*h*n -ft*W/Y (5.6) 
Area  of  soil   sample 
A =  (*A)*L2 (5.7) 
As  per   assumption,   porosity   "n"  and water   content   "fl" are  constant 
for   each    thin   layer   of   the   soil.    Therefore,    area   of   any   section 
perpendicular  to height  "h"  throughout  the soil  sample will  be given 
by   algebraic sum  of   the areas of  all   three  phases:   solid,   liquid and 
gas. 
Area of  solid perpendicular  to h 
As =  (V - (*/4)»L2*h*n)/h (5.8) 
As=(lT/4)*L2*(1-n) (5.9) 
Area  of water  perpendicular  to h 
Aw =   (ft*W)/(Y*h) (5.10) 
Area  of  gas  perpendicular  to h 
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Ag =  (*/4)»L2*n -(fl*W)/(Y*h) (5.11) 
Area of any thin section of soil = Ag + Aw + A . Assuming 
unidirectional conduction of heat perpendicular to area of soil and 
k , k^, and Ka as coefficient of thermal conductivity or solid, 
water and gas, heat transferred through the soil of night n, with T^ 
and T2 as the temperature of surfaces "h" distance apart is given 
by, 
The quantity  of  neat  transfer"dq " in time  "dt" at  steady  state 
dq/dt  =(   ks*As + k^Ay + kg»Ag)»(T2-T1)/h (5.12) 
=  (f/4)»L2*Y»h»(ks-n*ks+n»kg)+w«W»(kw-kg)»(I2-T1)/Yh2      (5.13) 
While arriving at this expression it is assumed that coefficient of 
conductivity of solid is same for all its subconstituents. However, 
it can oe shown that area of group of solid constituents is also 
same throughout the sample, applying the same principle as applied 
to water and gas. Hence, if coefficient of thermal conductivity and 
their respective areas are known the component of heat transfer 
equation for solid phase can ue further subdivided for respective 
groups. 
Equation   5.13   is   a   general   equation  for   neat   transfer   in  soil 
and holds  good for any  type of soil.   Equations for  saturated and dry 
■ soils   can   oe   developed from   uhis  equation  by   equating the values  of 
coefficient   of   thermal   conductivity   of  gas,   and moisture   content and 
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coefficient of  thermal  conductivity of water to zero respectively. 
This equation is analogous to the equation derived from 
"parallel" model in heat transfer, one of the two well known models 
of the branch. In parallel model hight of the components of the 
system is kept constant whereas in "series" model area of tfte 
components of  the  system is kept  constant  (Birch and Clerk,   19^0). 
From basic assumptions made in soil mechanics which are the 
same as made at the begining of the derivation of the equation 5-13. 
for a given sample or soil, area will be proportionate to the 
percentage of soil components and hight will be same for all 
components.   Hence,   "parallel" model  appears to be more realistic. 
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6.  DEVELOPMENT OF APPARATUS FOR MEASURING TEMPERATURE-PORE FLUID 
EFFECT 
A conventional triaxial cell apparatus is used to determine 
shear strength of soil under confined state. It can also be used to 
determine the permeability of the soil. Evans, (1984) modified this 
triaxial cell-permeameter setup to determine the effect of hazardous 
and toxic wastes on permeability of soil. It has Deen named as 
"Lehigh Triaxial Cell". The conventional triaxial cell and Lehigh 
triaxial  ceil are shown in Fig.   2 and Fig.   3- 
The aim of the present research was to develop . a setup to 
determine the effect of both, the hazardous and toxic wastes, and 
temperature on shear strength of soil simultaneously. To achieve 
this the waste liquid must be permeated at the controlled 
temperature before the shear strength test is started. The purpose 
of a triaxial ceil is to control the state of stress on the sample 
either isotropically or ani so tropically. The soil sample is encased 
in a flexible membrane with top and bottom end caps or platens. The 
membrane-encased sample is positioned in a rigid wall cylindrical 
cell with a space of several inches oetween the membrane and the 
cell wall. A similar space exists between the platens and the 
cylinder end plates. The space Detween the membrane-encased sample 
and the rigid cylindrical cell is filled with water and connection 
to   a    pressure    supply    is   made    to    permit   application   of    a   cell 
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pressure. Pressurizing uhe ceil subjects the sample to an isotropic 
state of stress. If anisotropy is required, the vertical stress can 
be increased via application of an additional load through the 
stainless steel ram or piston. A sample in a triaxial cell encased 
in a membrane can therefore change shape or volume in response to an 
internal physical-chemical stress while being maintained in a 
constant state of externally applied stresses. Samples subjected to 
hazardous and toxic wastes are likely to experience changes in 
volume (i.e., shrinking or swelling) due to the electrochemical 
stresses set up in the sample. Several unique features, however, are 
incorporated into the modification of the. triaxial cell concept lor 
testing 01   nazardous and toxic wastes. 
First and foremost, all components of the triaxial cell which 
come into contact with the waste fluids are of Teflon. This includes 
Teflon top bottom caps, fittings and tubings through the cells. 
Although the base of these cells is constructed of stainless steel, 
the end caps, fittings and tubing are all of Teflon. Thus, this 
triaxial cell has all the rigidity and high pressure capability 
associated with stainless steel, yet all of the contamination 
resistance of Teflon. Triaxial cells of pure Teflon are quite 
yielding and tend to  "creep"  under   the applied  stresses. 
Another    feature    of    these    custom-built    Leigh    cells    includes 
double   drain  lines   through   top and   bottom  pore   stones.   This   permits 
26 
flushing of till air within the system prior to the start of the 
test; 
,-.w In order to control the confining and seepage stresses on the 
sample in the triaxial cell, a permeability board is required. The 
permeability ix>ard i>nd cell are combined to make the test system. 
The system is designed to be utilized with the application of back 
pressure. Back pressure is the technique used to apply very high 
pressures to the pore fluid to improve the solubility of air in the 
fluid without changing the state of effective stress on the sample. 
That is, through the use of back pressure high pore water pressures 
can be utilized without the sample being subjected to artificially 
high effective pressures. 
Another major unique feature of this system is the ability to 
measure both inflow and outflow volumes of the test fluid. As 
discussed, introduction of a nazardous and toxic waste pore fluid 
into the soil could induce changes in the physical-chemical state of 
stress which may cause the sample to either shrink or swell. 
Measurement of this change in volume is essential to understand the 
overall clay pore fluid behavior. 
A third feature of this permeability board is that it 
incorporates the ability to interchange pore fluids uuring the test 
without   changing   the   state  of   stress in the   sample.   For example,   in 
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the test protocol, samples are initially permeated with the same 
fluid as the original pore fluid of the sample. After a steady state 
is    achieved,     the     pore    flux a oei-esu     is    placed    into    the 
permeability apparatus, and the permeation continued to monitor for 
changes in response  to this new pore fluid. 
A further modification in the triaxial cell is made by running 
a spiral plastic tube throughout the hight of the cell near the cell 
wall connecting the ends to the top plate of the cell. One of the 
ends is connected to a small capacity submersible pump. The pump is 
kept submerged inside a constant temperature water bath. The other 
end of the plastic cube is iei't j.n the water Dath. The temperature 
of water in the bath can be adjusted to the desired temperature. 
This water is circulated through the plastic uube by starting the 
submersible pump. The circulated water comes back into the water 
bath. This not water heats the cell uater which in turn neats the 
soil   sample (Figs.  4  and  5). 
The    undrained    shear    strength    of    the    permeated    samples   was 
determined   at   the   completion   of   permeation.    The   equipment   utilized 
for   this  test   consists  of  the  previously  described triaxial  cell and 
Wykeham-Farrance loading frame and strain dials and calibrated ring. 
Photographs of  the Apparatus are in  Figs.  6,  7  and 8. 
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6.1 EQUIPMENT FOR CORRELATION TESTING 
In order to investigate the effects of pore fluids at different 
temperature upon soils, additional correlation type testing was 
conducted to augment the primary focus of the investigation, which 
was shear strength testing. Additional testing included moisture 
content, Atterberg limits and grain size distribution tests. These 
tests were conducted according to ASTM standards utilizing equipment 
specified in the ASTM standards. 
6.1.1  MOISTURE  CONTENT 
The standard method for laboratory determination of moisture 
content of soils (ASTM D 2216-80) was utilized to determine the 
moisture content of soils. The moisture content of soils is the 
ratio expressed as a percentage of the weight of water in a given 
mass of soil to the weight of solid particles. In practical 
application, this is determined by determining the weight of soil 
removed oy drying uhe moist soil to a constant weight in a urymg 
oven controlled at 110( )5°C and to use this value as the weight of 
water in a given soil mass. The weight of the soil remaining after 
oven drying is used as the weight of the solid particles. The 
equipment utilized for the determination of moisture content is 
spelled out in the reference ASTM document, but in summary consists 
of a urying oven, a balance sensitive to .01 grams and suitable 
containers resisting the corrosion and not subject to change in 
weight  or   uisintegration   upon  heating  and  cooling.   One  deviation  to 
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the ASTM procedure is noted nere in that ASTM recommends continuous 
and close fitting lids to prevent moisture loss before initial 
weighing and prevent adsorption from the atmosphere following 
drying. For the studies described herein, laboratory weighing tins 
were utilized and care was taken to conduct all weighing on a timely 
manner to avoid loss of moisture from samples before initial 
weighing and to prevent adsorption or the moisture i rom the 
atmosphere following drying and before final weighing. It is noted 
in the ASTM procedure that a sample container without a ±id may be 
utilized provided the moist sample is weighed immediately after 
being taken and provided the dried samples weighed immediately after 
being removed from the oven as was  done for   these  studies. 
It    was   also    noted    that    this   laboratory    ASTM   procedure   was 
originally    established    to    determine     the    moisture     content. In 
reality, where fluid content has been exchanged, the moisture or 
water content could be better termed liquid content. Hence, as 
reported herein as moisture content, the data actually reflects the 
content of the liquid phase of the soil sample whether that be 
water, a combination of water and the pore fluid or in some cases 
pure pore fluid. 
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6.1.2 LIQUID LIMIT 
In order to study changes in physical properties in response to 
pore fluid permeation, the liquid limit of soils was also conducted 
utilizing the Standard Test Method for Liquid Limit of Soils, as 
defined by ASTM D 423-72. Equipment utilized for these tests was as 
described in the reference test procedure and consists primarily of 
liquid limit device, a grooving tool, containers for moisture 
content, a balance, an evaporating dish and spatula. It is noted 
that the liquid limit device utilized for these studies was a 
manually operated aevice with the researcher counting the number of 
drops of   the  cup to  cause  closure,   as  defined in the  test  procedure. 
6.1.3 PLASTIC LIMIT AND PLASTICITY INDEX 
Equipment utilized to determine the plastic limit and 
plasticity index was ohat specified in the Standard Test Method for 
Plastic Limit and Plasticity Index of Soils (ASTM D 42*1-7 2 ). This 
equipment consists of an evaporating dish, spatula, a ground glass 
plate surface for rolling, and weighing containers and a balance. It 
is noted that since plastic limit determinations were made both 
before and after permeation with the selected pore fluids some of 
the samples could be considered "contaminated" after permeation. 
Hence, the after permeation plastic limits were conducted with the 
researcher wearing disposable latex gloves. 
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6.1.4   PARTICLE SIZE ANALYSIS  OF SOILS 
In order to determine the grain size distribution of the 
materials being tested, the Standard Method for Particle-Size 
Analysis of Soils (ASTM D 422-72) was utilized. The equipment 
specified in the above referenced document was utilized in the 
determination of grain size distribution. Typically, the primary 
emphasis was on the grain size distribution of the granular 
materials to determine the percent finer than the No. 200 sieve. 
However, hydrometer analyses were also conducted on the finer 
grained fractions of  the  samples where appropriate. 
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7.   EXPERIMENTAL   PROCEDURES 
7.1 SAMPLE  PREPARATION 
New Jersey bar sand was used as a Dase material to prepare the 
sample. After selecting appropriate size sample (approximately 1000 
grams) stabilized soil bentonite slurry was added and j.n oruer to 
arrive at sufficient bentonite content to result in a low 
permeability mix, additional dry powdered bentonite was added. Soil- 
bentonite slurry was prepared by mixing tap water in powdered 
bentonite to arrive at approximately six percent slurry by weight. 
The bentonite was allowed to fully hydrate, so that the slurry 
properties will  be  stabilized. 
7.2 SAMPLE SETUP AND  CONSOLIDATION 
Because the resulting samples are considered to De remolded 
samples, it is necessary to mold them into the desired dimensions 
for shear strength testing. In this case, a sample diameter of 71 
mm. (2.8 ) and neight of 142 mm. (5.6 ) was utilized. The 71 
millimeter diameter is a standard triaxial cell diameter for which 
porous stones and triaxial cell membranes can be obtained. The 
sample hight is selected such that the H/D ratio was approximately 
two. This minimum ratio is required for shear strength testing so as 
not to influence the result by the end effects. The shear strength 
of samples with a H/D ratio less than two can De influenced Dy the 
friction of  the  platens in each end of  the   sample. 
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In order to mold samples of 71 millimeter diameter by 142 
millimeter night, split molds were fabricated. Membranes were placed 
within the mold and vacuum was applied to pull the membrane back 
tightly against the mold. The prepared sample was then placed within 
the mold while the mold was set upon the bottom platen of the 
pedestal  and gently   tapped into  place. 
Once the sample has been placed in the mold, the top platen was 
placed over the sample. Filter papers were placed on the porous 
stones to minimize plugging and loss of fines during permeation. 
The membrane was secured into place qy using two "0" rings on each 
of the platens. The double "0" ring arrangement is further aided by 
"0" ring grooves cut into the cell platens. Care was taken at this 
point to ensure that the platens/pedestals are clean. If sand or 
dirt are present, it is likely that a good seal will not be made. 
During sample setup, the sample material was weighed before and 
after filling the material into the mold so that the total weight of 
the sample could be determined. Moisture contents were taken to 
allow the calculation of dry density oi uhe materials placed in the 
moi d. 
Once uhe platens and "0" rings were in place, a vacuum is 
applied to the top and bottom platens through the permeability board 
via control panel. This vacuum was applied for a period of 24 to 72 
hours    in    order    to    initially     consolidate    the    sample.     This    was 
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necessary as the samples nad a very low shear strength and acted as 
a somewhat viscous liquid at this point. This low strength was due 
to the relatively  nigh moisture content. 
After vacuum consolidation, the split cylinders were removed as 
the sample gathered enough strength to stand oy itself while the 
remainder of the triaxial cell was assembled. With sample still 
under vacuum, the remaining portion of the triaxial cell was 
assembled and filled with water. An oil film was placed on the very 
top or the cell to minimize the infiltration of air into the cell 
water. 
Upon complete assembly of the cell, the cell pressure was then 
applied. For these studies a constant average effective stress (30 
psi) was utilized throughout the investigation so as to minimize the 
number of parameters of the study. Hence, 207KPa (30 psi)- cell 
pressure was applied at this time. Once the cell pressure was 
applied,   the vacuum was  shut  off. 
7.3  BACKPRESSURE 
After application of cell pressure, backpressure was applied to 
ensure complete saturation. This is done by incrementally increasing 
the cell pressures and the platen pressures so as to maintain a 
constant effective stress of 30 psi. Specific details are as 
follows: 
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While the sample was under the ceil pressure, the inl'low and outflow 
riser pipes were filled with water. Utilizing the additional valves 
on the platens, air was flushed from the top and bottom platens 
using the head of the riser pipes to induce gravitational flow. Once 
air was flushed from all the lines feeding into and from uhe samples 
the  backpressure procedure could begin. 
Backpressuring was done by increasing incrementally the water 
pressures at the top and bottom of the sample through the respective 
platens and the cell pressure so as to maintain an effective stress 
of 207KPa (30 psi) . The pressures at the top and oottom platens were 
simultaneously increased through the control panel slowly to 34 KPa 
(5 psi). The cell pressure was then slowly increased by an 
additional 34 KPa (5 psi) to compensate for this backpressure, 
resulting in a ceil pressure reading of 241 KPa (35 psi) and cop and 
bottom platen pressure of 34 KPa (5 psi). After about one minute, 
the top and oottom pressures were increased by another 34 KPa (5 
psi) to make the total of 69 KPa (10psi). The cell pressure was then 
increased incremently by another 34 KPa (5 psi) to make the total of 
276 KPa (40 psi). This resulted in a cell pressure of 276 KPa 
(40psi)  a  backpressure of 69 KPa  (10 psi) 
and the net effective stress of 207 KPa (30 psi). This 
procedure was repeated until a backpressure of 345 KPa (50 psi) was 
established  with  a  cell   pressure  of  552 KPa   (80  psi).   At  this  point 
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the sample was allowed to consolidate further under an effective 
stress of 207 KPa (30 psi). At this point circulation of water 
having desired temperature was xnitiated to raise the temperature of 
sample to desired level. 
Two types of testing were carried in this study, one being 
testing for ' 'shear strength after permeation and other after 
consolidation. The procedure for Doth the tests was essentially 
same up to this point. In the following sections further procedure 
of  both   the tests is given separately. 
7.4   PERMEATION 
Sample permeation was oegun utilizing the tap water permeant 
which was the original pore fluid permeant to establish steady state 
prior to the introduction of the pore fluid under investigation. 
For control tests, tap water permeant was utilized throughout ' the 
duration of  the  tests. 
Permeation was begun by elevating pressure at the bottom platen 
via the control panel so as to induce a gradient which would induce 
upward flow across the sample. Upward flow aided in the flushing of 
any trapped air in case it occurred. Permeation was typically begun 
by elevating the bottom platen pressure by 34 KPa (5 psi). It-should 
be noted that this would result in an average backpressure of 36 2 
KPa     (52.5    psi).     Hence,     at    this    point,     the    cell    pressure    was 
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increased by 17 KPa (2.5 psi) to 56y KPa (82.5 psi) . For low 
permeability materials higher seepage pressure was utilized. The 
maximum pressures used were 6 21 KPa (90 psi) for cell pressure, 483 
KPa  (70 psi)  for  bottom  platen and  345 KPa  (50 psi)   for  top platen. 
Permeation with water was allowed to continue until steady 
state equilibrium was established. It should be noted that the 
influent reservoir was maintained at atmospheric pressure at all 
times except during the refilling of the influent reservoir. This 
was important. Note that with a Dackpressure utilized, air in 
equilibrium at atmospheric pressure would go into solution with the 
water under the 345 KPa (50 psi) backpressure. However, if the 
influent reservoir were maintained in perpetuity under the applied 
pressure that water would soon become saturated with air under the 
equilibrium conditions of room temperature and 4 83 KPa (70 psi) 
pressure. Therefore, as the influent water permeated through the 
sample where there was a pressure drop to 50 psi across the sample, 
there would be excess air dissolved in the solution and this excess 
air would come out of solution. Hence, trapping of air would be 
likely   to occur  near  the  top of  the sample and in the lines. 
o 
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7.5 NONPERMEATION 
In this case two samples were consolidated together at a 
certain temperature. Initially the samples were consolidated at room 
temperature for H8 hours and then were consolidated at desired 
temperature for the same period. At this point, inlet and outlet 
valves on the base plate were closed and circulation of neated water 
supply to one of the cells was stopped. This sample was allowed to 
cool   to room  temperature before  being tested for  shear strength. 
7.6 SHEAR STRENGTH 
Shear strength test conducted for these studies were limited to 
isotropically consolidated undrained triaxial shear strength tests 
or CIU tests. This test was selected as the samples were already 
consolidated and the effective consolidation stresses were in place 
at the completion of permeation and consolidation. The major focus 
of the shear strength testing was* to evaluate changes in undrained 
shear strength in response to the pore fluids and temperature. 
Hence, it was decided that undrained shear strength test would be 
the most appropriate test to be conducted. Consolidated undrained 
shear strength tests were conducted in accordance with the procedure 
described Dy Lambe, (1951). This procedure was utilized for the 
actual loading of the sample and sample preparation consolidation 
were conducted in accordance with the procedures described above. It 
is noted that generally the samples were allowed to set (as a 
minimum)   overnight   at  an  effective  stress  of  207  KPa   (30 psi)   and  a 
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backpressure of 3^5 KPa (50 psi) to allow the sample to regain 
equilibrium from the differential set of stresses in place during 
the permeation. The shear strength tests were conducted utilizing 
the Wykeham-Farrance loading frame at a strain rate of 0.1 mm per 
minute (.004 inches per minute) for about 20 percent strain or until 
failure whichever occurred first. 
7.7 SAMPLE BREAKDOWN 
Once the testing was complete, the cell pressures and sample 
pressures were removed and the cell was disassembled. Final 
dimensions of the sample were taken and the total weight of the 
sample was taken. The membrane was then removed and the sample split 
carefully for visual examination. Visual examination was made to 
look for piping channels, for any visual evidence of sample 
degradation or changes. Representative samples were then taken from 
the top, middle and bottom of the sample and preserved for further 
correlation testing. Samples for natural moisture content were taken 
at that time from the top, middle and bottom, weighed, and put in 
the oven for natural moisture content determination. Additional 
testing conducted with the sample included Atterberg limits and 
grain size distribution. 
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7.8  CORRELATION TESTING 
In addition to the shear strength test conducted for these 
investigations, additional correlation testing was conducted. The 
procedures utilized were standard ASTM procedures. Identified in the 
following subsections are the correlation tests conducted for these 
studies. 
7.8.1 MOISTURE  CONTENT 
Moisture content procedure utilized was as described in the 
ASTM D 2216-80 for Laboratory Determination of Moisture Content of 
Soil. Again, the moisture content of soil calculated nerein was not 
necessarily a water content, just a liquid content, depending upon 
the nature of ohs pore fluid utilized. It is noted that, because of 
the volatile nature of some of the fluids, it may be possible that 
these numbers are lower than what actually existed during the 
permeation. 
7.8.2 LIQUID LIMIT 
The liquid limit of the soils was tested before and after 
permeation utilizing ASTM D 423-72, Standard Test Method for Liquid 
Limit of  soils.   No deviation from  the  standard procedure was made. 
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7.8.3 PLASTIC LIMIT AND PLASTICITY INDEX 
The plastic limit was determined and the plasticity index 
calculated utilizing the standard ASTM D 424-72 Standard Test Method 
for Plastic Limit and Plasticity Index for soils. No deviation from 
this procedure was made. However, as noted in the earlier chapter, 
it was necessary to use latex rubber gloves during the 
determinations of the plastic limits because of the nature of the 
pore fluids. 
7.8.4 PARTICLE SIZE  ANALYSIS OF SOILS 
Samples were selected to determine" the grain size distribution 
of the materials. The procedures utilized were those defined in ASTM 
D 422-72 Standard Test Method for Particle Size Anaxysis or soils. 
No  deviation from  this  procedure was made. 
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8.   EXPEriil-iiiNTAL  RESULTS 
8.1 General 
A series of laboratory tests were conducted to investigate the 
combined effect of hazardous and toxic wastes, and temperature on 
clayey soils. The testing program primarily included 1) testing of 
soil samples for determining consolidated undrained shear strength 
at different temperature after permeating them with water, 
hydrochloric acid and sodium hydroxide at the same temperature, 2) 
consolidating two identical soil samples at desired temperature and 
testing one of the sample at the same temperature while other was 
tested after allowing it to cool to room temperature for 
consolidated undrained  shear  strength. 
Correlation tests were carried for determination of moisture 
content, Aolerber^ limits and grain size analysis of the soil 
samples as mixed and after  the  testing. 
8.2 SAMPLE TESTING 
The fluids used in this testing program were tap water (pH= 6), 
hydrochloric acid (pH= 2) and sodium hydroxide (pH= 12). The results 
of this testing program are given on sample-by-sample Dasis xn the 
following sections: 
\ 
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8.2.1 Sample No.   1 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 52.8 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30psi) with water at 75° 
F. The results of consolidated undrained shear strength test are 
presented on Fig. 9. The peak shear strength was found to be 176 KPa 
(25.6 psi). Grain size analysis results are shown on Fig. 10. The 
liquid limit and plastic limit before and after testing was found to 
be 27 and 23, and 27 and 23- The final moisture content after 
testing was 25.1   percent. 
8.2.2 Sample No.   2 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 51.5 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with hydrochloric acid 
at 7 5° F. The result of consolidated undrained shear strength test 
is presented on Fig. 11. The peak shear strength was found to be 66 
KPa (9.8 psi). Grain size analysis results are shown on Figs. 12 & 
13. The liquid limit and plastic limit before and after testing was 
found to be 31 and 27, and 30 and 26. The final moisture content 
after  testing was  29.6 percent. 
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8.2.3 Sample No.  3 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 49.9 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with sodium hydroxide 
at 75° F. The result of consolidated undrained shear strength test 
is presented on Fig. 14. The peak shear strength was found to be 88 
KPa(12.7 psi). Grain size analysis results are shown on Figs. 15 & 
16. The liquid limit and plastic limit before and after testing was 
found to be 31 and 25, and 31 and 25. The final moisture content 
after testing was 28.8 percent. 
8.2.4 Sample No.  4 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 50.3 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with sodium hydroxide 
at 100° F. The result of consolidated undrained shear strength best 
is presented on Fig. 17. The peak shear strength was found to be 97 
KPa (14.1 psi). Grain size analysis results are shown on Figs. 18 & 
19. The liquid limit and plastic limit before and after testing was 
found to be 34 and 27, and 24 and 24. The final moisture content 
after  testing was 27.4   percent. 
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8.2.5 Sample No.   5 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent, bentonite by weight at an average moisture 
content of* 51 .6 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with water at 100° 
F. The result of consolidated undrained shear strength test is 
presented on Fig. 20. The peak shear strength was found to be 111 
KPa (16.1 psi). Grain size analysis results are shown on Figs. 21 & 
22. The liquid limit and plastic limit before and after testing was 
found to be 31 and 25, and 31 and 25. The final moisture content 
after  testing was  27.3 percent. 
8.2.6 Sample No. 6 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 50.9 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with hydrochloric acid 
at 100° F. The result of consolidated undrained shear strength test 
is presented on Fig. 23. The peak shear strength was found to be 211 
KPa (30.6 psi). The grain size analysis results are shown on Figs. 
24 & 25. The liquid limit and plastic limit before and after testing 
was found to be 32 and 24, and 32 and 24. The final moisture content 
after  testing was 29.6  percent. 
46 
8.2.7 Sample No.  7 
The sample was prepared utilizing a mixture or New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 48.7 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with hydrochloric acid 
at 125° F. The result of consolidated undrained shear strength test 
is presented on Fig. 26. The peak shear strength was found to be 55 
KPa (8.0 psi). The grain size analysis results are shown on Figs. 27 
& 28. The liquid limit and plastic limit before and after testing 
was round to be 33 and 26, and 32 and 26. The final moisture content 
after  testing was  30.4   percent. 
8.2.8 Sample No.  8 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 49.8 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with water at 125° 
F. The result of consolidated undrained shear strength test is 
presented on Fig. 29. The peak shear strength was found to be 97 KPa 
(14.1 psi). The grain size analysis results are shown on Figs. 30 & 
31. The liquid limit and plastic limit before and after testing was 
found to be 33 and 26, and 25 and 26. The final moisture content 
after  testing was  27.9  percent. 
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8.2.9 Sample No.   9 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 53.3 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with sodium hydroxide 
at 125° F. The result of consolidated undrained shear strength test 
is presented on Fig. 32. The peak shear strength was found to be 88 
KPa (12.8 psi). The grain size analysis results are shown on Figs. 
33 & 34. The liquid limit and plastic limit before and after testing 
was round to be 31 and 25, and 31 and. 26. The final moisture content 
after  testing was 28.6 percent. 
8.2.10 Sample No.   10 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 53-8 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with hydrochloric acid 
at 150° F. The result of consolidated undrained shear strength test 
are presented on Fig. 35. The peak shear strength was found to be 93 
KPa (13.5 psi). The grain size analysis results are shown on Figs. 
36 & 37. The liquid limit and plastic limit before and after testing 
was found 00 be 29 and 26, and 31 and 27. The final moisture content 
after  testing was 29.3 percent. 
48 
8.2.11 Sample No.   11 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content or 52.1 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with sodium hydroxide 
at 150° F. The result of consolidated undrained shear strength test 
are presented on Fig. 38. The peak shear strength was found to be 78 
KPa (11.3 psi). The grain size analysis results are shown on Figs. 
39 & 40. The liquid limit and plastic limit before and after testing 
was found uo be 31 and 26, and 32 and 26. The final moisture content 
after  testing was  29.5 percent. 
8.2.12 Sample No.   12 
The sample was prepared utilizing a mixture or New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 50.2 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with water at 150° 
F. The result of consolidated undrained shear strength test are 
presented on Fig. 41. The peak shear strength was found to be 73 KPa 
(10.6 psi). The grain size analysis results are shown on Figs. 42 & 
43. The liquid limit and plastic limit before and after testing was 
found to be 33 and 27, and 31 and 27. The final moisture content 
after  testing was  30.1   percent. 
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8.2.13 Sample No.   13 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 50.1 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with hydrochloric acid 
at 75° F. The result of consolidated undrained shear strength test 
are presented on Fig. 44. The peak shear strength was found to be 79 
KPa (11.4 psi). The grain size analysis results are shown on Figs. 
4 5 & 46. The liquid limit and plastic limit before and after testing 
was found to be 29 and 28, and 31 and 27. The rinal moisture content 
after  testing was 28.7 percent. 
8.2.14 Sample No.   14 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content of 52.3 percent. The sample was set up and" consolidated 
under an effective stress of 207 KPa (30 psi) with sodium hydroxide 
at 75° F. The result of consolidated undrained shear strength test 
are presented on Fig. 47. The peak shear strength was found to be 78 
KPa (11.3 psi). The grain size analysis results are shown on Figs. 
48 & 49. The liquid limit and plastic limit before and after testing 
was iound to be 30 and 26, and 29 and 26. The final moisture content 
after  testing was 29.6 percent. 
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8.2.15 Sample No.   1 5 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent bentonite by weight at an average moisture 
content or 50.2 percent. The sample was set up and consolidated 
under an effective stress of 207 KPa (30 psi) with hydrochloric acid 
at 125° F. The result of consolidated undrained shear strength test 
is presented on Fig. 50. The peak shear strength was found to be 50 
KPa (7.2 psi). The grain size analysis results are shown on Figs. 51 
& 52. The liquid limit and plastic limit before and after testing 
was round to be 27 and 26, and 29 and 24. The rinal moisture content 
after  testing was  31-4   percent. 
8.2.16 Sample No.   16 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 4 8.4 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 7 5° F. and tested at 7 5° F. The result of consolidated 
undrained shear strength test are presented on Fig. 53. The peak 
shear strength was found to be 71 KPa (10.3 psi). The grain size 
analysis results are shown on Figs. 54 & 55. The liquid limit and 
plastic limit before and after testing was found to be 25 and 23, 
and 26 and 23. The final moisture content after testing was 28.3 
percent. 
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8.2.17 Sample No.  17 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 52.3 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 100° F. and tested at 100° F. The result of consolidated 
undrained shear strength test are presented on Fig. 5b. The peak 
shear strength was found to be 57 KPa (8.3 psi). The grain size 
analysis results are shown on Figs. 57 & 58. The liquid limit and 
plastic limit before and after testing was found to be 24 and 25, 
and 26 and 26. The final moisture content after testing was 28.4 
percent. 
8.2.18 Sample No.  18 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 51.5 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 100° F. and tested at 7 5° F. The result of consolidated 
undrained shear strength test are presented on Fig. 59. The peak 
shear strength was found to be 67 KPa (9.7 psi). The grain size 
analysis results are shown on Figs. 60 & 61. The liquid limit and 
plastic limit before and after testing was found to be 24 and 24, 
and 25 and 24. The final moisture content after testing was 28.7 
percent. 
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8.2.19 Sample No.   19 
The sample was prepared utilizing a mixture of New Jersey Bar 
sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 51.3 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 150° F. and tested at 150° F. The result of consolidated 
undrained shear strength test is presented on Fig. 62. The peak 
shear strength was found to be 174 KPa (25.2 psi). The grain size 
analysis results are shown on Figs. 63 & 64. The liquid limit and 
plastic limit before and after testing was found to be 24 and 24, 
and 26 and 25. The final moisture content after testing was 26.7 
percent. 
8.2.20 Sample No.   20 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 53.0 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 150° F. and tested at 75° F. The result of consolidated 
undrained shear strength test is presented on Fig. 6 5. The peak 
shear strength was found to be 90 KPa (13.1 psi). The grain size 
analysis results are shown on Figs. 66 & 67. The liquid limit and 
plastic limit before and after testing was found to be 25 and 24, 
and 26 and 24. The final moisture content after testing was 28.2 
percent. 
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8.2.21 Sample No.   21 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 50.2 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 125° F. and tested at 125°F. The result of consolidated 
undrained shear strength test is presented on Fig. 68. The peak 
shear strength was found to be 79 KPa (11.5 psi). The grain size 
analysis results are shown on Figs. 69 & 70. The liquid limit and 
plastic limit before and after testing was found to be 26 and 23, 
and 26 and 23. The final moisture content after testing was 28.1 
percent. 
8.2.22 Sample No.  22 
The sample was prepared utilizing a mixture of New Jersey Bar 
Sand and 7 percent polymerized bentonite by weight at an average 
moisture content of 50.2 percent. The sample was set up and 
consolidated under an effective stress of 207 KPa (30 psi) with 
water at 125° F. and tested at 7 5° F. The result of consolidated 
undrained shear strength test is presented on Fig. 71. The peak 
shear strength was found to be 77 KPa (11.4 psi). The grain size 
analysis results are shown un Figs. 72 & 73. The liquid limit and 
plastic  limit   before   and   after   testing was   found   to   be   24   and   23, 
and   26   and   23.    The   final   moisture   content   after   testing  was   28.2 
i 
percent. J, 
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9.  DISCUSSION 
9.1 General 
The research was typically divided into three parts. The 
ultimate aim was to determine effect of hazardous and toxic wastes, 
and temperature on shear strength of soil. In the rirst part a 
relation was developed to determine the existing temperature of the 
soil due to known source of underground neat. In the second part 
triaxial cell was modified so as to keep the temperature of soil 
sample constant at the desired level during consolidation, 
permeation and shear strength test, and the third part was devoted 
to determine shear strength of soil 1) after permeating selected 
contaminants at different temperatures 2) after consolidating soil 
samples at different temperatures. Presented in this chapter are 
discussion on merits of the modification made in triaxial cell 
apparatus and interpretations of test results based on the 
fundamentals from  colloidal   chemistry. 
9.2 The Apparatus 
The main oojective of the study was to determine combined 
effect of hazardous and toxic wastes, and temperature on shear 
strength of soil. To achieve this, the apparatus should be capable 
of maintaining the temperature of soil sample constant at desired 
level while consolidation, permeation and shear strength test. This 
apparatus   makes   it    possible   to   maintain   the   temperature   constant 
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throughout    the    consolidation,    permeation   and   shear    strength    test 
even for  confined state. 
9.3 Shear Strength After Permeation 
In the present research three fluids were used as peruieants. 
They were sodium hydroxide of pH 12, water of pH 6 and hydrochloric 
acid of pH 2. Each of these fluids were permeated through soil 
sample (sand-bentonite) at 75°F, 1 25°F and 150°F and tested for 
consolidated undrained shear  strength at  the  same  temperature. 
The test results show that at a given temperature shear 
strength decreases as pH of the permeating fluid increases (Fig. 
74) . It also shows thaqj§Bhear strength decreases as the temperature 
increases for each permeant (Fig. 7 5). The plots show that the 
results generally agree with the above statements. Two results do 
not agree with the trend. It appears that it is due to some error 
while running the tests.The moisture content increases with increase 
of temperature. This is predictable as per the double layer theory 
according to which double layer increases with increase in 
temperature and in pH both. 
All the soil samples were either saturated with water or other 
permeants which means moisture content of the soil was well above 
the optimum moisture content. For moisture content above optimum 
level   shear   strength   of   soil   decreases   with   increase    in   moisture 
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content, wnich means the results of this testing conform with the 
hypothesis. Some of the results show marginal decrease in the 
moisture content with increase in temperature which was uue uo the 
loss   of   moisture    during    the   exposure    of    the    soil    sample   to   the 
atmosphere  within   the   period  of   taki-u^,   ,o.._ rle   out   or   the   ceil 
and taking representative samples for moisture content determination 
from it. 
9.4  Shear Strength After Consolidation 
These samples were consolidated at 7 5°F, 100°, 125° and 150°F 
respectively. Two samples were consolidated at^-"eacn\ of these 
textures exo.pt at 75°P. One was tasted f/snear length at 
the  same  consolidation temperature while  other was tested at 7 5°F. 
The results of the tests show that shear strength uecreasea 
with increase in temperature initially up to 100°F, but then 
increased with further increase in temperature for samples tested at 
consolidation temperature as well as at 7 5°F temperature. The 
decrease in srit-ar strength at 100°F is predictable as the moisture 
increases with temperature. The moisture content results show that 
initially moisture content increased with temperature which was due 
to the increase in double layer thickness according to double layer 
theory. But with further increase in temperature u\e gain in 
moisture content due to increase in double layer thickness seems to 
have   been   compensated   by   the  loss  of  free  water   due   to  increase  in 
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temperature   and    i-he   moisture   content   almost   remained   constant   as 
that at  7 5°F. 
The results of testing show that shear strength of soil is iess 
for the samples tested at lower temperature than the consolidation 
temperature. This is aue to the change in ratio of bound water to 
free water. The results show that for any particular moisture 
content, the shear strength increases with increase in the ratio of 
bound water to free water. The Atterberg limit tests do not give 
any clue for the changes in shear strength. Grain size distribution 
remained almost constant for all   the  samples as expected. 
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10.  CONCLUSION 
1. The relationship developed for determination of total 
heat transfer in soil depends on the parameters which are 
the normal engineering properties of  soil. 
2. The newly modified triaxial cell apparatus keeps the 
temperature of the soil constant throughout 
consolidation,   permeation and  shear  strength test. 
3. The results of  the shear strength  tests  show  that: 
a. For  saturated  soil   samples: 
i.   Moisture     content     of     soil     increases    with 
increase  of  temperature. 
ii.   Shear    strength    decreases    with    increase    of 
temperature. 
iii.   Shear   strength   decreases  with  increase  in   pH 
value of  uhe pore fluid. 
b. For  consolidated samples: 
i.   The  change  in moisture  content depends on the 
increase  in   the   bound water   content  and  loss 
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of    free   water    content    due    to   increase    in 
temperature. 
ii. For any particular moisture content, shear 
strength increases with the increase in the 
ratio of  the   bound water to free water. 
60 
11.   RECOMMENDATIONS FOR FURTHER  RESEARCH 
Further testing is necessary with different pH of pore fluids 
at different temperatures so as to get the clear relationship 
between shear strength and pH value of pore fluid, and shear 
strength and  Lemperature. 
The circulating tube inside the cell shall be metal tubing 
preferably made of copper so as to have better conductivity and 
rigidity   to withstand  cell  pressure. 
Determination of change in double layer thickness shall be done to 
explain changes in shear  strength more clearly. 
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FIGURE 10   GRAIN SIZE DISTRIBUTION - SAMPLE NUMBER S-1 
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STRESS-STRAIN RELATIONSHIP - SAMPLE NUMBER S-2 
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FIGURE 14  STRESS-STRAIN RELATIONSHIP 
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APPENDIX 
A.1  KERSTEN'S EQUATIONS FOR THERMAL CONDUCTIVITY OF SOILS 
Silt    and    clay    soils(more    than    50    percent    silt    and    clay); 
unfrozen; 
K=[1.3 log(w)   -0.29]   10°-014*V3-0 (A.1) 
Silt and  clay  soils;  frozen 
K=1.i»4»10°'0224»'0"5+12.2(w)*100'008A«'0-5 (A.2) 
Sandy Soils;  unfrozen (less than 50 percent  silt and clay): 
K=[1 .01 log (w)  +0.58]   10°-01Y0"3 (A.3) 
Sandy  Soils;  frozen: 
K = 11.0»100-013YO-5+4.6(W)*100-0146YO-5 (A.4) 
where w=moisture content 
K= thermal   conductivity, 
watt/sq.   cm.   dg.   c  per  cm. 
Yn=dry  density, pcf 
A.2 DETAILS OF THE STUDY OF ANDREWS,   et al. 
Both DMS0 and DMF are aprotic solvents. Their polar nature is 
shown Dy the dielectric constants (DMSO=48.9, DMF=26.6) and aipole 
moments (DMSO = 3-9, DMF = 3.85). In DMSO and DMF molecules, the 
positive end of the aipole is not accessible as in the case with 
H2O.   This  shielding makes   the interaction of  the  dipoles with anions 
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considerably weaker than with cations. Therefore, the dissolved 
anions and anionic surfaces are relatively free from interaction' 
with the liquid while cations can uecome solvated. Since the solid 
surfaces of clay minerals in aqueous solutions are predominantly 
negatively charged or anionic in character, this property oi" DMSO 
and DMF is oi   particular interest. 
In order to study the effect of these various pore fluids on 
the three clay minerals, an extensive testing program was 
undertaken. Tests included specific gravity and specific volume, 
Atterberg limit tests the Dieter + compaction tests, sorption tests, 
sedimentation volumes, and cracking patterns of thin .day slurry 
films. 
It was found that the specific volume of kaolinite and 
attapulgite was relatively unaffected by the change in pore fluids 
between H20 and DMSO. However, the specific volume oi uhe sodium 
montmorillonite was significantly greater in water than in DMSO. The 
results of the Atterberg limit test indicated that compared to 
water, the plasticity index for DMSO was nigher for the kaolinite 
but lower for the attapulgite and sodium montmorillonite. The most 
profound effect on plasticity was with the sodium montmorillonite 
where  the  plasticity index was  7-5 lower for  DMSO  than water. 
The  results  of   the  direct   compaction  test,   consistent with   the 
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previous tests, showed only minor effects uf alternate pore fluids 
with kaolinite and attapulgite. Whereas, with sodium 
montmorillonite, significant effects were observed. In all cases, a 
larger maximum density was obtained with water than with DMSO. For 
both the kaolinite and sodium montmorillonite, the optimum liquid 
content was higher for DMSO than it was for water. Conversely, for 
attapulgite, the optimum liquid content was lower i or DMSO than it 
was for water, indicating the additional elasticity of the 
attapulgite mineralogical  system. 
For all clays except kaolinite, the final sorption data were 
higher for water than for DMSO. Further, the sorption ratios are 
higher for sodium montmorillonite than for attapulgite. '-'^[he 
sorption values i or Kaolinite, being higher for DMSO than water, 
indicate a greater affinity of the kaolinite mineral structure for 
DMSO than for water. 
The sedimentation test yielded the following ratios for 
H2u:DM30:DMF,   respectively: 
kaolinite  - 0.63: 1:0.64 
Attapulgite -  2.6:1:0.6 5 
Sodium Montmorillonite -  Infinity : 1:1 .08 
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From these data, one can see that kaolinite interacts more 
strongly with DMSO than either water or DMF. Sodium montmorillonite 
interacts most strongly with water, but to about the same degree 
with both DMSO' and DMF. Attapulgite interacts most strongly with 
water, followed oy DMSO and least with DMF. The stronger interaction 
of kaolinite with DMSO and DMF than with water is consistent with 
the sorption data which showed that the Kaolinite had a greater 
affinity for   the   organic solvents  than for water. 
The cracking patterns of thin slurries were observed for ail 
three -clay minerals. The drying of the kaolinite film produced no 
cracking pattern. However, the rilm produced by DMSO has the 
smoothest appearance, indicating its great interaction between the 
DMSO and the kaolinite. The attapulgite water film showed a few 
cracks, forming relatively large structural units indicating a 
relatively large tensile strength of the clay-water system and good 
mobility of the clay particles at relatively low water contents. 
Finally, the sodium montmorillonite water film produced no cracks, 
wii^i-t-as tne sodium montmorillonite DMSO system produced a cracking 
pattern or  large   scale   chan that with  DMF. 
It was concluded that, since plasticity index values are taken 
as a measure of the interaction between the mineral surfaces and the 
liquids, then this interaction in the water system, as expected, is 
greatest  with   sodium  montmorillonite   and  least   with   kaolinite.   With 
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DMSO, however, the absolute plasticity inaex vaiue was the greatest 
for attapulgite and much less for both bentonite and kaolinite. 
Further,' the plasticity index value for Kaolinite with DMaO was 
about twice that with water. The greatest difference in the 
interaction of DMSO with kaolinite and sodium inontmorillonite, 
respectively, with attapulgite lying in between emphasized the 
uarked differences in the respective sur^ c.ce characteristics and 
probably the manner in which the water molecules are associated with 
these surfaces. The very strong interaction of DMSO with Kaolinite 
showed itself in all of these tests. Note that in the study by Vees 
and Winterkorn, ( 1967) bentonite (sodium montmorillonite) exhibited 
opposite  changes from attapulgite and  kaolinite. 
k'f3 BASIC CLAY STRUCTURES 
The structure of clay minerals is the result of two Dasic 
structural units forming an atomic molecular lattice. One unit is 
an octahedral configuration and the other is a tetrahedral 
configuration. The tetrahedral configuration is termed a silicon 
tetrahedron and consists of one centrally located silica atom 
between four oxygen atoms. Silica tetrahedral groups can be arranged 
to form a hexagonal network which can oe repeated indefinitely to 
form a tetrahedral sheet. The oxygen locations can occasionally be 
filled with  nydroxyl ions. 
The   second   basic    building   block   is   an   octahedron.   The   single 
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octahedron unit is formed v£ central atoms as aluminum ur magnesium 
surrounded in an octahedral configuration by oxygen atoms. These 
oxygen atoms in the octahedron may also be hydroxyl ions to balance 
the central atoms. In like manner to the tetrahedron, octahedron 
units can i orm a continuous sheet-like structure. Octahedral sheet 
cations are often mainly aluminum. These sheets are termed as 
gibbsite. Where the octahedral sheet cations are predominantly 
magnesium,   these octahedral  sheets are termed  brucite. 
ATOMIC-AND MOLECULAR FORCES 
The forces holding the atoms and molecules within a clay mineral are 
generally subdivided into primary and secondary forces and uonds. 
The primary bonds are considerably stronger relative to the 
secondary bonds. The energy of primary bonds is in the range of 20 
to 200 Kcal per mole as compared to an energy in the range of 1 to 5 
Kcal per mole i or  secondary  bonds  (Rosenquist,   19bti) 
PRIMARY BONDS 
Ionic,   Covaient  and Metallic are the  three  types of  primary   bonds. 
Ionic bonds are the result of the electrostatic attraction 
between oppositely charged ions. Ions are simply charged atoms 
resulting from the removal or addition of electrons to an otherwise 
neutral atom. Positively charged particles are termed cations and 
negatively   charged   particles   are   termed   anions.      With  an  ionically 
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bonded molecule, the outer electron shells of the ions are generally 
complete. The ionic bonds result from the electrostatic attraction 
of the oppositely charged ions. In addition, there can De partially 
covalent ionic  bonds and partially ionic  covalent  bonds. 
If the outer electron shell of an atom is incomplete, a sharing 
of electrons between two or more atoms to complete the shell results 
in a covalent bond. Pure covalent bonds are common in gases (i. e. , 
Op, Hp, CH2), but are not generally found in soils. Typically, a 
combination of ionic and covaient bonds is found in clay 
minerals. For example, the bond in silica (SiO^^the most abundant 
soil constituent, is about half ionic and half covalent. 
SECONDARY  BOND, 
When atomic units are bonded with covalent bonds and sharing 
electrons which are not symmetrically distributed, the resulting 
molecule is polar. Polar molecules may be electrically neutral as a 
whole, but there is a distribution of charge along the molecule. The 
resulting molecular attraction is termed a aipole xorce, and uipoie 
bonds  can result  between  polar molecules. 
Hydrogen bonds are a specific type of dipole force. If hydrogen 
is the positive end of a permanent dipole, then the resultant 
attraction of a negatively charged aipole is termed a nydrogen Dond. 
Hydrogen bonds are stronger than many dipole forces as they are 
formed   with   atoms   which   nave   widely   different   electronegativities. 
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The  small   size  of   the hydrogen atom  allows  the  electronegative atom 
to     approach      the     hydrogen     atom     more     closely.      Hydrogen bond 
significantly affect the physical-chemical properties of clay 
minerals. 
Finally, Van aer waals forces result in molecular bonding that 
is generally weaker than either hydrogen bonds or dipole forces. 
Although geotechnical engineers generally consider fluctuating 
dipole bonds as Van der waals bonds , the Van der Waals forces (Van 
der Waals equation) include all intermolecular forces. Fluctuating 
dipole bonds, a portion of Van der Waals bonds, are identified as 
dispersion    or     London    forces.     These     dispersion     forces,     unlike 
/ hydrogen or dipole forces, can/ result from nonpolar or polar 
molecules. In summary, intermolecular Donds result from what are 
generally termed as Van der Waals forces consisting of 
dipole, hydrogen and  dispersion forces. 
STRUCTURE OF CLAY MINERALS 
Clay minerals are formed Dy stacking of the basic structural unit- 
sheets in a variety of arrangements. The mineral types are generally 
classified by their unique combination of octahedral and tetrahedral 
sheets. If the mineral consists of one octahedral sheet and one 
tetrahedral sheet,it is termed as one to one (1:1) mineral. In like 
manner, clay minerals which consist of a combination of two 
tetrahedral   sheets   and   one   octahedral   sheet   to  form   a   single  layer 
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are known as two to one (2:1) minerals. The third major mineral type 
is known as two to one to one (-2:1:1) mineral and consists of 
alternately a tetrahedral sheet, an octahedral sheet, a tetrahedral 
sheet and an octahedral sheet. Hence, the three main mineral types a 
1:1, 2:1, 2:1:1 are then subdivided into groups and subgroups 
depending upon  the octahedral   sheet   configuration. 
ONE-TO-ONE CLAY MINERALS 
The 1:1 minerals are known as kaolinites and actually consists of 
kaolinite, dickite, nacrite, halloysite (dehydrated) and halloysite 
(hydrated) minerals. Discussion will be limited to the kaolinite 
minerals, the most common of the group. The idealized chemical 
formula of this mineral which consists of one gibbsite sheet joined 
with a silica tetrahedron is (OH) gSi||Alj.O..Q. Within the octahedral 
layer there are generally aluminum atoms, and within the tetrahedral 
layer the cations are silicon. Because the interlayer bond is 
primarily ionic (it is primarily a hydrogen bond), the interlayer 
bonding is substantial. Isomorphous substitution is the replacement 
of a cation similar in size and charge density. Mineralogical 
analysis measuring the basal spacing of the kaolinite structure find 
the basal spacing to be 7.2 Angstroms. The basal spacing is 
essentially the distance from the .base of one layer to the base of 
the next, or the total thickness of a layer. The cation exchange 
capacity of the kaolinite clay mineral is generally considered to be 
3  to  15 milli-equivalents  per 100 grams. 
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TOO-TO-ONE CLAY MINERALS 
Within the 2:1 family of clay minerals is a group commonly known as 
smectites. This group of clay minerals was formerly known as 
montmorillonites, but recent studies have identified montmorillonite 
as just one of the clay minerals within the smectite group. Smectite 
also consists of beidellite and nontronite. Montmorillonite by far 
is the most common of the smectite group and that selected for 
further investigation in these studies, and the discussion herein 
will be limited on that basis. Montmorillonite as a 2:1 mineral 
consists of two sheets, of silica tetrahedron on either side of the 
gibbsite sheet. Hence, for an idealized montmorillonite that has 
not experienced any cation substitution or exchange, the chemical 
formula would be (OHKSigAlnO^QCHpO) . In reality, montmorillonite 
virtually always has some portion of cation exchange with magnesium 
or sodium. Sodium montmorillonite, a common form of the clay within 
bentonite, has a chemical formula of (OH^SigC Alo ohNa 55)020^20. 
Hence, the octahedral layer cations are generally Al? oiiNa rs and 
the tetrahedral layer cations are Sig for a given unit. The layers, 
each consisting of three sheets, are generally stacked with bonding 
between successive layers Dy Van der waals forces. Due to the charge 
deficiencies which exist between the lattice, resulting from 
frequent substitutions, cations may be present between the layers to 
balance the charge deficiencies. These interlayer bonds are therefore 
relatively   weak and  easily   separated  Dy   imposed stresses such  as the 
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adsorption of water or other polar liquids. Due to the lattice 
substitution within the basic sheets and the cations within the 
interlayer needed to balance cnarge deficiencies, the cation 
exchange capacity is relatively high. It is generally considered 
that the cation exchange capacity for montmorillonite is Detween 80 
and 150 milli-equivalents per 100 grams. The basal spacing, the 
distance Detween layers, can vary rrom a minimum of 9-6 Angstroms to 
complete separation or infinity. 
Commonly occurring clay minerals encountered in engineering 
practice are illites. Illites are also known as the micalike clay 
minerals. Illites, like montmorillonite, are 2:1 minerals. They 
consists of a gibbsite sheet between two silica tetrahedron sheets, 
and the layers are bound with a potassium cation populated in the 
interlayer region. The idealized chemical equation of illite is 
therefore      (K,H20) 2( Si)g( Al,Mg, Fe^ gO^COH)^. The      octahedral 
cations are therefore aluminum, magnesium or iron, and tetrahedral 
cations can oe aluminum or silicon. Within the structure of these 
.clay minerals, the sheets do experience considerable isomorphous 
substitution. Some of the silicon within the tetrahedral layer are 
replaced by aluminum ions. This charge imbalance is balanced by the 
potassium cation populating the interlayer region. The interlayer 
bonding through the potassium cations is therefore relatively 
strong.This differs from that of smectites in several ways. The 
isomorphous substitution  create  a  charge  deficiency   of 1.3  to 1.5 in 
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illites and about 0.65 for smectites (Grim, £i i, 19b8). The larger 
charge deficiency in illite is primarily due to the isomorphous 
substitution in the silicon sheet and is therefore vary close to the 
surface of the unit layer. In smectites, the charge deficiency 
occurs in the octahedral sheet, which is in the center of the unit 
layer. Hence, as attraction or repulsion is a function of distance, 
the charged deficiency near the surface results in a stronger 
attraction for cations. The cation between unit layers in illite is 
virtually entirely potassium. Because of these two deficiency 
differences, illite structural layers have a relatively fixed 
position and polar ions do not easily enter between them and cause 
lattice expansion. This is not the case for montmorillonite. The 
second major behavioral difference is that the interlayer cations 
which balance the charge deficiencies are not readily exchangeable. 
Cation exchange capacity of illite is generally from 10 to 40 as 
compared to 80 to 150 milli-equivalents per 100 grams for 
montmorillonite. 
TWO-TO-ONE-TO-ONE CLAY MINERALS 
Chlorites have a 2:1:1 structure. They are basically similar to 
illite except that an organized octahedron sheet in chlorites 
replaces the area populated by cations in the case of illite. The 
basic layer consists of two tetrahedra sheets bounding a brucite or 
gibbsite sheet. This is then tied to the next layer with a brucite 
sheet.    The    structure   is   further    complicated    by    the   often   partial 
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replacement of , the central ion in the octahedral sheet with 
magnesium, aluminum, or iron cations. Further, the silica sheets 
are frequently unbalanced Dy the substitution of aluminum cations 
for silica cations within the tetrahedron layer. Thus, the various 
members of ohe chlorite group differ in the kinds and amounts of 
cation substitution and the stacking of successive layers. The basic 
variety has an idealized chemical formula of (OHK( SiAl) a (Mg* 
Fe)602Q(2:1 layer) an (Mg°Al)g( OH) 12 (Interlayer). Basal spacing of 
this mineral, which has four sheets to a layer, is m Angstroms. 
Cation exchange capacity is found to vary irom 10 to 40 milli- 
equivalents per 100 grams. The basic chlorite including its several 
varieties is quite  commonly  found. 
SCHEMATIC REPRESENTATIONS 
The basic building Dlock of clays, the silica tetrahedral sheet and 
octahedral sheet, can be represented schematically. Shown on Fig. 77 
are the schematics for the silica sheets, the octahedral sheets, and 
the gibbsite and brucite sheets. Utilizing the symbols for the basic 
building blocks symbolically, a review of the structure of the 
primary mineral groups can be made. Fig. 77a is a schematic diagram 
of the structure of the kaolinite; a 1:1 mineral. Fig. 77b shows the 
basic structure of the smectite group particularly the 
montmorillonite; a 2:1 mineral. Shown on Fig. 77c is a schematic 
diagram of the structure of illite; also 2:1 minerals. In Fig. 77d, 
a  schematic diagram  of  the structure of  chlorite  is presented. 
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ISOMORPHOUS SUBSTITUTION 
Isomorphous substitution is frequently used in the 
characterization of the clay mineral structure. Isomorphous 
substitution is simply the replacement or substitution of cations 
within the basic -structure. Isomorphous substitution or replacement 
of one cation for another frequently results in charge deficiencies. 
For example, one cation of a -3 charge is substituted with a cation 
of a +2 charge, the charge deficiency of +1 exists in the area of 
that substitution. The cation exchange capacity or a clay mineral 
is a quantified measure of that clay mineral's capacity for cation 
substitution. An ion, a positive or negative charged particle, 
results from the removal or addition of electrons to a neutral atom. 
If electrons are removed, that particle becomes positively charged, 
or a cation. As cations exist within the mineralogical structure of 
clays, the cation exchange capacity is a measurement of the 
propensity of cations within this clay mineral to be replaced or 
substituted. 
The determination of cation exchange capacity is at present 
somewhat arbitrary as numerous methods have been proposed for this 
determination. Grimm, (1966) recommends that the measurement be made 
by saturating the clay with NH^+ and then determining the amount 
held at a pH of 7. Grimm goes on to say that a determination of the 
exchangeable   cation   composition  is  also  very   difficult.   It  involves 
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the complete replacement of all exchangeable cations by another 
cation which is not already present in the clay mineral structure. 
After the complete replacement, an accurate analysis of cations 
present in the solution from any soluble substances must also be 
made. He suggests the use of the flame filter meter for the analysis 
of  the ion in the replacing solution. 
The replacement of cations within the mineral structure, and 
thus the cation exchange capacity, can result from (1) broken oonds 
within the clay mineral structure; (2) substitutions within the 
lattice structure; and/or (3)replacement of the hydrogens which are 
part of the exposed hydroxides (an integral part of the structure). 
It is the second cause of cation exchange capacity, substitution 
within the lattice structure, that is the major contributor to the 
total  cation exchange  capacity. 
There are many factors which influence the cation exchange 
capacity. These include crystalline particle size, the temperature 
environment of the exchange reaction, and the concentration and 
nature of the ion used in the substitution. Despite these many 
factors, the cation exchange capacity of various clay minerals 
generally falls within certain limits. This cation exchange capacity 
is  useful in  the identification  of  clay minerals. 
THE  CLAY-WATER  SYSTEM 
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It nas Deen snown ohat the clay layer, made or the tetrahedral and 
the octahedral sheets, often carries a net negative charge as a 
result of substitutions of certain of the cations within the sheet 
structure. This net negative charge results from the isomorphous 
substitution of the cations by less positive cations. The net 
negative charge is often compensated by cations located on the layer 
surfaces. when    the    clay     is    in    the    presence    of    water,     these 
compensating cations have a tendency to diffuse away from the layer 
surface. This tendency of cations to diffuse away from the layer 
surface in solution and yet be attracted to the layer surface due to 
the net negative charge gives rise to the term diffuse double layer. 
In a static environment, this double layer has a constant charge 
which is largely determined by the type and degree of isomorphous 
substitutions and the resulting net negative charge in the mineral 
layers. The understanding of the ion distribution relative to the 
layer surface of the clay mineral is based upon work in colloidal 
chemistry. When clay is dry, the adsorbed cations are tightly held 
to the negatively charged clay surfaces. When clay is in water, the 
precipitated salt associated with the cations on the particle 
surface goes into solution. Because the adsorbed cations are 
responsible for a much nigher cation concentration near the surface 
of the particles, there is a tendency for them to diffuse away in 
order to provide equal concentrations throughout the liquid. The 
freedom  or   tendency   to  diffuse  away,   however,   is in  contradiction to 
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the attraction force of the clay surface in the cation. . Hence, an 
ion distribution such as shown in Fig. 78 is developed. Although 
several theories on how this distribution of •'ions in the double 
layer can be analyzed, the most common theory used in geotechnical 
engineering is the Gouy-Chapman Theory. The Gouy-Chapman theory of a 
diffuse double layer has been applied in attempts to explain the 
behavior of clays since ohe early 1950's. Van Olphen, (1977) states 
that the Stern-Gouy theory may be better suited to quantitative 
model of the clay double layer than the Gouy-Chapman modex. i'.i- . ..u 
distribution of other models would provide essentially tue saue 
trends with respect to pore fluid effects; only the magnitudes will 
vary. Hence, the Gouy-Chapman theory will be considered as basis in 
this  thesis. 
SOIL FABRIC 
Based upon the interaction of the clay minerals and the accompanying 
diffuse double layer under various conditions, definitions of 
different types of soil fabric have been developed (Fig. 79 ) . This 
classification includes seven modes of. particle association in clay 
suspension. These vary in limit from, dispersed to flocculated. 
Shown in Fig. 79a is a dispersed or deflocculated structure. The 
structure shown in Fig. 7 9b is an aggregated but deflocculated 
curucture. This structure has faee-to-face association; i. e. , 
aggregations are parallel or oriented. Fig. 79c presents edge-to- 
face     flocculation    with    a     dispersed     structure.     Fig.     79d     shows 
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flocculation on an edge-to-edge oasis, but is still a uisperse.d 
structure. Fig. 79e shows an edge-to-face flocculated structure of 
aggregated particles, while Fig. 79f shows an edge-to-edge 
flocculated structure of aggregated particles. Finally, Fig. 79g 
shows edge-to-face and eage-to-edge flocculated and aggregated 
particle orientation. Van Olphen, (1977) defines edge-to-edge and 
edge-to-face particle attraction as flocculation, whereas face-to- 
face attraction as aggregation. Lambe, (1958) indicates a dispersed 
soil as one in which the net electrical iorces uetween adjacent 
particles at the time of deposition produced repulsion. If these 
interparticle iorces were net attractive during deposition, the soil 
is said to be flocculated. Therefore, flocculated or aggregated 
structures are those in which the particles tend to join together, 
whereas dispersed structures are those structures in which the 
particles tend  to move apart from  each  other. 
Consideration of Gouy-Chapman model reveals that the tendency 
toward flocculation or aggregation is increased oy a uecrease in the 
double layer thickness. Corresponding to the decrease in the double 
layer thickness there is decrease in the interparticle repulsion 
force. Conversely, the tendency toward dispersion is increased as 
the double layer thickness increases. Hence, if the double layer 
thickness increases, the electrical repulsion between particles 
increase, which causes the particles to disperse. The tendency 
towards    dispersion   is    therefore    enhanced    by    an   increase   in    the 
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double layer  thickness. 
In order to more fully understand the behavior of the clay- 
water system, and therefore the response of clays to hazardous 
wastes and pore fluids other than water at different temperature, it 
is necessary to examine in more detail the variables of the Gouy- 
Chapman model and their effect upon the clay structure and its 
behavior. 
COLLOIDAL MODEL 
The Gouy-Chapman model or ion distribution was incorporated into 
soil mechanics from colloidal chemistry theory to help explain and 
understand the behavior of clay-water systems. As discussed in the 
preceding section of this thesis, a clay mineral has a net negative 
charge on the colloidal surface. This net negative charge causes 
the attraction of positive ions or cations in solution. There is an 
opposing tendency for the cations to be well distributed within the 
ionic solution due to interpar tide repulsion forces. The net 
distribution of these cations in terms 01 distance from the 
colloidal surface is termed the diffuse double layer.These cations 
distribute along the .surface or the clay platelet, but are not 
permanently attached to the clay minerals. The Gouy-Chapman theory 
quantifies this distribution trough an equation for the double layer 
thickness. According to Van Olphen, there are indications that, in 
many     clays,     specific    adsorption    forces    between    the    layers    and 
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cations    exist. Hence,     a    fraction   of    cations    larger    than    the 
predicted by the Gouy-Chapman theory would be located on the surface 
of the clay particle, and a smaller fraction would be in uhe diffuse 
double layer. Therefore, the Stern-Gouy model may be quantitatively 
more applicable to the clay double layer than the Gouy-Chapman 
model. However, since the two models are very similar quantitatively 
and identical qualitatively and the Gouy-Chapman model is currently 
in widespread use in the soil engineering field, it is that model 
which will  be  discussed in this thesis. 
The  equation for   the   double layer   thickness as  predicted  by   the 
Gouy-Chapman theory   is given as: 
t = 
e K T 
2  2 8TTne v 
(A.5) 
where, 
t =   the double layer  thickness, 
C =the dielectric constant, 
K = Boltzman's  constant, 
T =   temperature, 
n =   electrolyte  concentration, 
e =   elementary  charge,   and 
V =  valence  of  cations in pore fluid 
From   this   equation,    a   list   of   variables   in   the   soil   water   system 
which  affects the  colloidal  stability,   these  are: 
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(1) electrolyte  concentration 
( 2) ionic valence, 
(3) dielectric  constant, 
(4) temperature, 
( 5) size or  nydrated ion, 
(6) pH,   and 
(7) anion adsorption. 
These   items  will   be   subsequently   discussed   in   aetail   as   they 
affect  clay  behavior. 
, EFFECT OF ELECTROLYTE CONCENTRATION 
An examination of equation (A. 5) reveals that, as the electrolyte 
concentration goes up, the thickness of the double layer tends to 
decrease. The tendency towards ilocculation is caused by a decrease 
in the-double layer thickness. Hence, flocculated structures tend to 
be  drawn together  tighter  and have  thinner  double layer  thickness. 
ION  VALfcNCE 
Increasing    the    ion    valence    will    also    cause    a    decrease    in    the 
thickness  of   the   double layer.   With a  decrease in  the  double layer, 
the  tendency   towards  flocculation is increased. 
EFFECT OF DIELECTRIC  CONSTANT 
Decreasing  the   dielectric   constant   causes   a   decrease   in  the.  double 
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layer thickness and a tendency towards ilocculation. The dielectric 
constant is a measure of material's ability to perform as an 
insulator. That is, it is a measure of the capacity of a material to 
reduce the strength of an electric field. The higher the dielectric 
constant of the material, the more the material behaves as an 
insulator. The dielectric constant is measured in laboratory test 
where two parallel plate capacitors are charged, and potential 
difference     between     them    is    measured. The    measured    potential 
difference is ±ower than the original potential difference in the 
vacuum. The ratio in terms of capacitance between final capacitance 
and the initial capacitance is termed the dielectric constant. As 
this test is conducted in a vacuum, by definition, the dielectric 
constant     of    vacuum     is    one. Epsilon,     £,     the    symbol     for     the 
dielectric constant, is also essentially one for air for all 
practical   purposes. 
Andrews, et. al. , (1967) has noted, "... the capacity of 
reducing the strength of an electric field is about the same per 
molecule of HgU (water) and DMSO (dimethyl sulfoxide) while that for 
DMF (Dimethyl Formamide) is about one-half the value of y^O-" This 
conclusion is drawn based on the value of the dielectric constant 
times the mole volume lor each of these materials. The dielectric 
constants for DMSO, H20 and DMF are 48.9, 80 and 26.6 respectively. 
In turn, the mole volumes for these fluids are 71-3, 18 and 77 cc's 
per  mole  respectively.   Hence,   the dielectric  constant  times the  cube 
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root of the mole volume for uMSO, H2<J and DMF are 204,'209 and 113 
respectively. THe Gouy-Chapman equation clearly shows that the 
thickness of the double layer is strictly a function of the 
dielectric constant of the material,€. It is not a function of the 
dielectric constant per molecule. Additional study or analysis of 
existing aata will be necessary to determine whether or not the 
dielectric constant per molecule is truely the controlling factor as 
alluded to by Andrews, et al, or simply the dielectric constant as 
strictly  defined,   as indicated  by   the Gouy-Chapman model. 
EFFECT UF TEMPERATURE 
According to the Gouy-Chapman model, an increase in temperature 
causes an increase in the double layer thickness, and therefore a 
corresponding increase in the tendency towards dispersion. It should 
be pointed out, however, that many parameters are interrelated. For 
example, if all parameters are held constant while temperatures are 
allowed to increase, the double layer thickness would increase and 
the tendency towards dispersion would increase. However, in reality, 
it is almost impossible to increase temperature without changing pH, 
and dielectric constant; Cullen, (1979) .An example of this 
interrelation is given by Mitchell, (1976). Hence, the product of 
the dielectric constant times temperature is apparently constant 
with reasonable changes in temperature. This is due' to the fact that 
the dielectric constant decreases as temperature increases. This 
partially   accounts for   occasional   contradictory   findings  reported in 
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the     literature     regarding     the     effects     of     temperature    on    soil 
properties such as  strength,   compressibility  and  permeability. 
SIZE OF THE HYDRATED iON 
The    smaller    the    ion,     the    closer    it    can   approach    the    colloidal 
surface   of   the   clay   particle.      Thus,    the   smaller   the  hydrated  ion, 
the   smaller   the   double  layer   and   the more  likely   flocculation  will 
occur  in the clay  particle. 
THE EFFECT OF pH 
The effect of pH can influence the thickness of the double layer in 
several ways. Changing the pH could affect the electrolyte 
concentration as well as the net negative charge on the clay 
particle by altering the extent of the dissociation of hydroxyl (OH) 
groups at the edge of the clay particle. High pH encourages the 
dissociation and increases the net charge, thus expanding the double 
layer. Low pH discourages the dissociation and causes a decrease in 
net charge, therefore, causing a reduction in the double layer. As 
stated, a reduction in the double layer increases the tendency 
towards  flocculation (Fig.   80). 
THE EFFECT OF  AN ION ADSORPTION 
If   anions  are  adsorbed  on the  clay  particle,   the  net  negative  charge 
increases.   Increasing   the   net   negative   charge   causes  an increase  in 
the   double   layer   thickness   because   of   the  increased  attraction  for 
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cations.   This  increase  in double layer  thickness  tends  to  cause more 
dispersive clay  structures. 
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